Triple helix formation of oligodeoxynucleotides (ODNs) with a 15 base pair poly-purine DNA target in the HER2 promoter was examined by footprlntlng analysis. 7-deaza-2'-deoxyxanthoslne (dzaX) was Identified as a purine analogue of thymldlne (T) which forms dzaX:A-T triplets. ODNs containing 2'-deoxyguanosine (G) and dzaX were found to form triple helices In an anti-parallel orientation, with respect to the poly-purine strand of the target DNA. In comparative studies under physiological K+ and Mg + + concentrations and at pH 7.2, the ODNs containing G and dzaX showed high affinity to the target sequence while the ODNs containing G and T were not able to bind. In the absence of added monovalent salts both ODNs showed high affinity to the target sequence. The substitution of 7-deaza-2'-deoxyguanoslne for G substantially decreased the capacity of the ODNs to form triple helices under physiological conditions, indicating that dzaX may be unique in Its ability to enhance triple helix formation in the anti-parallel motif.
INTRODUCTION
Oligodeoxynucleotides (ODNs) have been shown to bind to the major groove of DNA to form triple helices in two different motifs, parallel or anti-parallel, with respect to the poly-purine strand. In the more commonly described parallel motif, the protonated form of cytidine (C) or 5-methyl-cytidine (5-me-C) binds to G-C base pairs (C + :G-C) and thymidine (T) binds to A-T base pairs (T:A-T) through Hoogsteen hydrogen bonding (1) . Protonation of the N-3 of the pyrimidine ring of C or 5-me-C is necessary for this binding motif and generally limits its use to acidic conditions or targets which are relatively poor in G-C base pairs (2) . Despite this limitation, ODNs containing 5-me-C and T have been used to inhibit the binding of transcription factor Spl (3) and RNA polymerase II transcription in vitro (4) . The pH dependence of binding can be overcome using analogues of C which have the correct hydrogen bond donors at physiological pH. 2'-0-methyl-pseudoisocytidine (5), 6-methyl-8-oxo-2'-deoxyadenosine (6, 7) , and 3-methyl-5-amino-lH-pyrazolo [4,3-<fl pyrimidin-7-one (8) have all been identified as capable of triplet interactions with G-C base pairs at physiological pH.
In the anti-parallel motif, guanosine (G) binds to G<! base pairs (G:G-C) and thymidine (T) or adenosine (A) binds to A-T base pairs through reverse Hoogsteen hydrogen bonding ( Figure 1 ) (9, 10, 11 ). An advantage of the anti-parallel motif is that GT ODNs have been shown to bind in the physiological pH range of 7.2 to 7.8. However, the content of G-C base pairs in the target DNA must be substantial in order for triple helix to occur in the anti-parallel orientation (11) . ODNs which bind in the antiparallel motif form specific complexes with a number of biologically significant targets including the promoters for human epidermal growth factor receptor gene, HER2 and c-myc (11) . An anti-parallel triple helix forming ODN was reported to inhibit transcription from the c-myc promoter in vitro (12) and possibly in vivo (13) .
ODN binding to duplex DNA was assayed under conditions which mimic intracellular pH and salt concentrations: 140 mM KC1, 10 mM MgCl 2 , 1 mM spermine, in 20 mM MOPS, pH 7.2 at 37°C. During investigations into the binding properties of anti-parallel binding GT ODNs, we were unable to demonstrate triple helix formation at any of several different G-rich, polypurine DNA targets. Further investigations revealed that the ODNs were unable to form triple helices in the presence of KC1 or NaCl. In the absence of KC1 or NaCl the ODNs bound with relatively high-affinity. The inability of the anti-parallel GT ODNs to bind to the target DNA was unanticipated, but could simply reflect a high degree of secondary structure within the ODNs which prevents triple helix formation. This secondary structure would likely be mediated by G-quartet formation, which is well documented in GT ODNs (14, 15) . Alternatively, the inhibition of triple helix formation may be due to the effects of cations on the triple helix structure itself, perhaps the result of monovalent cations displacing magnesium ions, which stabilize the triple helix. This phenomenon may be similar to that observed at high salt with parallel binding ODNs of T and 5-me-C (16), although much more extreme.
Two modified purines were tested for their ability to enhance the binding of ODNs to duplex DNA in the anti-parallel orientation under intracellular conditions. The replacement of the N-7 of guanosine with a carbon creates 7-deaza-guanosine (dzaG). The removal of this hydrogen bond acceptor eliminates the ability of the ODN to form G-quartets, while retaining the hydrogen bond donors and acceptors required for formation of a dzaG: G-C triplet (Figure 1 ). Since dzaG is an isostere of G, the substitution of dzaG for G in ODNs should eliminate competing secondary structures and still allow triple helix formation.
Xanthosine (X) is a purine analogue of T, each containing an identical array of key hydrogen bond donors and acceptors. Xanthosine however, is negatively charged at neutral pH (pKa 5.3) (17) . Replacement of the N-7 of xanthosine with carbon creates 7-deaza-xanthosine (dzaX), which increases the pKa to 7.3 (18) potentially allowing dzaX:A-T triplet formation at physiological pH (Figure 1 ). The substitution of dzaX for T may have two effects. First, the replacement of T with dzaX may decrease the propensity of the ODNs to form secondary structures mediated by G-quartets. Neighboring Ts are known to enhance the stability of the G-quartets, while other bases do not (19) . Second, an ODN containing only purines could have better binding characteristics due to the more regular geometry of the third strand. Model building of the GT triple helices shows a gross deformation of the third strand deoxyribose-phosphodiester backbone at the transition from a bicyclic purine to a monocyclic pyrimidine. The GT third strand backbone is much less regular than that observed in duplex DNA due to the requirement that the third strand fit to the relatively rigid duplex major groove. A homo-purine ODN could fit to the major groove without these gross changes in the backbone, similar to that observed in the homo-pyrimidine, parallel binding motif. ODNs consisting of GT, GdzaX, dzaGT or dzaGdzaX were synthesized and tested for binding in an anti-parallel orientation to a 15 base pair target in the HER2 promoter.
MATERIALS AND METHODS
Synthesis of monomers 7-deaza-2'-deoxyxanthosine, and 7-deaza-2'-deoxyguanosine were prepared using 7-(2-deoxy-/3-D-erythro-pentofuranosyl)-2-amino-4-methoxypyrrolo [2,3- Figure 2 . Demethylation of (1) with chlorotrimethylsilane and sodium iodide furnished 7-deaza-2'-deoxyguanosine, as identified by comparison of the 'H-NMR spectrum with that reported by Winkeler et al. (20) . Single-pot protection of the N^amino group as the isobutyrylamide was accomplished with isobutyric anhydride and chlorotrimethylsilane (21) . The synthesis of the H-phosphonate synthons was completed by protection of the 5'-hydroxyl with dimethoxytrityl chloride, followed by phosphitylation of the 3'4iydroxyl with 2-chloro-4H-l,3,2-benzodioxaphosphorin-4-one according to established methods (22) .
Deamination of (1) with sodium nitrite in aqueous acetic acid, followed by demethylation of the intermediate with chlorotrimethylsilane and sodium iodide afforded 7-deaza-2'-deoxyxanthosine, as identified by comparison of the 1 H-NMR spectrum with that reported by Seela et al. (18) . The synthesis of the H-phosphonate synthon was completed analogously to that of 7-deaza-2'-deoxyguanosine.
5' -dimethoxytrityl-7-deaza-2' -deoxy xanthosine derivatized controlled pore glass (cpg) was prepared as described by Dahma et al. a blue color, and was no longer suitable for oligodeoxynucleotide synthesis.
Synthesis and characterization of deoxyoligonudeotides ODNs were synthesized by standard solid phase H-phosphonate methodology (22) . The ODNs were purified by 20% denaturing gel electrophoresis. After extraction from the gel, the isolated ODNs were edmnol precipitated, resuspended in water, and then desalted over a sephadex G25 column. ODNs were quantitated by their absorbance at 260 nm using e = 8.44 X10 3 M" 1 cm" 1 for dzaX and e = 1.04X10 4 M~' cm" 1 for dzaG. The base composition of each ODN was confirmed by enzymatic digestion to nucleosides and analysis by reverse phase HPLC. One A^Q unit of each ODN was incubated with 3 units of PI nuclease and 2 units of calf intestinal phosphatase (Boehringer-Mannheim) in 30 mM NaOAc, pH 5.2, and 1 mM ZnSO 4 overnight at 37°C. The digested material was then injected directly onto a C18 column (Amicon, 100 angstrom pores) and the nucleosides separated by an acetonitrile gradient buffered with 50 mM potassium phosphate, pH 4.2. Plasmids A fragment of the HER2 promoter from SKBR3 cells was amplified by the polymerase chain reaction (PCR) and isolated. The PCR DNA was restricted with Pstl and Xmal to create a 259 bp fragment which was then ligated into me corresponding sites in pUC19. The resulting plasmid, pHER2, contains the region of the promoter from -214 to +45, with respect to the major transcriptional initiation site (24) .
Radiolabeling of DNA fragments To label the DNA for footprinting, pHER2 was restricted widi Xmal and the resultant 3' termini were radiolabeled by incubating with [a-32 ?] dCTP and Klenow fragment. The plasmid was then restricted with Pstl and the 259 bp end-labeled fragment separated on a 5% non-denaturing polyacrylamide gel. The isolated fragment was phenol/CHQ3 extracted and ethanol precipitated. 
DMS footprint analysis
Triple strand hybridizations were performed at 37 °C for 1 hr using 1 nM of labeled DNA target (~ 50,000 cpm) and increasing concentrations (0.1, 1, 10 /xM) of the designated ODN in a buffer consisting of 20 mM MOPS, pH 7.2, 10 mM MgCl 2 , 1 mM spermine, with or without 140 mM KC1 (as indicated). To ensure reproducible alkylation patterns, 1 /xg of salmon sperm DNA was added immediately prior to the addition of the dimethylsulfate (DMS). DMS was added at 30 mM and incubated for 2 min at 37°C. The alkylation reaction was terminated by the addition of 0.3 M of 2-mercaptoethanol. To cleave the alkylated guanosines, 0.45 M pyrrolidine was added and the reactions were incubated at 95°C for 10 min. The reaction mixtures were evaporated to dry ness under vacuum, then twice resuspended in 100 /iL of water and again evaporated to dryness. The samples were resuspended in 0.3 M NaOAc with 1 /tg tRNA and men ethanol precipitated. After drying briefly, the samples were resuspended in 5 /xL of 95% formamide, heated to 95 °C for 2 min, and electrophoresed on an 8% denaturing, polyacrylamide gel. The resulting footprint was visualized by autoradiography.
RESULTS

Footprint assays
The HER2 promoter contains a 15 nucleotide (nt) poly-purine region which is suitable for triple helix formation in the antiparallel motif. Triple helix formation was assessed by a DMS footprinting assay in which ODN binding is observed as protection from alkylation on the N-7 of guanosine in the targeted region of duplex DNA as the concentration of the ODN is increased. This titration demonstrates both the specificity and approximate binding affinity of the individual ODNs. To identify ODNs with potential to form triple helices in vivo, the footprint assay was performed under conditions which approximate the levels of monovalent and multivalent cations in the intracellular environment (25) : 140 mM KC1, 10 mM MgCl 2 , 1 mM spermine buffered in 20 mM MOPS at pH 7.2. A series of 15 nt ODNs (Figure 3 ) was assayed at 0.1, 1, and 10 iiM to test for their ability to form triple helices with the HER2 promoter under these footprint conditions ( Figure 4 ). All footprint assays use protection from DMS alkylation as a probe for triple helix formation, the results are the same if protection from DNase I digestion is used as a probe (data not shown). ODN 1, which contains G and T such that it could form a triple helix with the target duplex DNA in an anti-parallel orientation, was footprinted under standard conditions ( Figure 4 ) and showed no protection of the target DNA at any of the concentrations tested. This result was unexpected due to the numerous reports of high affinity binding for anti-parallel GT ODNs. ODN 1 was then assayed under identical buffer conditions but in the absence of any added KCI ( Figure 5 ). In the absence of added KCI, ODN 1 gave full protection of the target DNA at 1 and 10 /*M, and partial protection at 0.1 /tM, indicating that this ODN is competent for triple helix formation at low concentrations of monovalent salt.
In an attempt to enhance binding in the presence of KCI, ODN 2 was synthesized identically to ODN 1 except that dzaX was substituted for T ( Figure 3 ). DzaX is a purine which mimics the hydrogen bonding face of T and would be expected specifically interact with an A-T base pair of the duplex DNA. ODN 2 was assayed under standard buffer conditions in the presence of KCI and found to give full protection of the target DNA at all concentrations tested (Figure 4) . ODN 2 was also found to give full protection of the target DNA at 1 and 10 /tM and partial protection at 0.1 /tM in the absence of any added KCI ( Figure 5 ). In the absence of KCI and at 10 /tM, ODN 2 begins to show protection in the region just 3' to 15 bp poly-purine tract, which contains a G-rich, poly-purine tract of 12 bp. The protection suggests binding of a portion of ODN 2 to this site.
To examine the specificity of binding by ODNs containing G and dzaX, ODN 3 was synthesized identically to ODN 2 but with one dzaX substituted for a G so as to create a mismatch at that position (Figure 3) . ODN 3 shows only partial protection of the target DNA at 10 /tM under standard buffer conditions in KCI (Figure 4 ). The affinity is approximately 100-fold less than that observed for the perfectly matched ODN 2. In the presence of ODN 3 a DMS hypersensitive site appears at both 1 and 10 /iM The hypersensitive site appears at the site of the dzaX:G-C triplet mismatch and indicates some low level of ODN binding, although it is not sufficient to give a true footprint. The hypersensitive site indicates that the dzaX:G-C triplet mismatch must deform the duplex such mat the N-7 of this G is much more accessible to the solvent than in a normal G-C base pair. The DMS footprinting conditions are such that only a fraction of the labeled DNA strands are alkylated and cleaved. The change in conformation at the mismatch allows greater DMS alkylation of this guanosine relative to the rest of the duplex, creating a stronger signal which can exaggerate the extent binding. As a result, the hypersensitive site is apparent even under conditions in which the percentage of duplex molecules which are bound by the ODN is not large enough to give a footprint (Figure 4 ). In the absence of KCI, ODN 3 shows partial protection of the target DNA at 0.1 /iM and full protection at both 1 and 10 /tM, but with a very strong DMS hypersensitive site at all concentrations tested ( Figure 5 ). In the absence of KCI, the dzaX:G-C triplet mismatch appears to be tolerated much better. This hypersensitive site is specific for DMS footprinting and does not appear if DNase I is used as a probe for triple helix formation (data not shown).
ODNs containing G and T have been shown to adopt stable secondary structures as a result of G-quartet formation in the presence of KCI or NaCl (14, 15) . The failure of ODN 1 to form a triple helix on the target DNA could simply reflect a highlyordered secondary structure which competes with triple helix formation. The presence of dzaX in ODN 2 could sufficiently inhibit G-quartet formation to allow triple helix formation to occur. To address this issue, ODN 4 was synthesized identically to ODN 1 except that 7-deaza-2'-deoxyguanosine (dzaG) was substituted for G ( Figure 3) . The absence of an N-7 in dzaG eliminates a hydrogen bond acceptor and precludes G-quartet formation, but does not change the key hydrogen bond donors necessary for triple helix formation. It has previously been demonstrated that the substitution of inosine for guanosine in ODNs inhibits G-quartet formation due to the absence of the 2-amino group which is proposed to hydrogen bond with the N-7 of G (26). ODN 4 was assayed for triple helix formation in the presence KCI (Figure 4) . At concentrations up to 10 /tM there was no detectable protection of the target DNA. ODN 4 was then assayed in the absence of KCI and was found to give partial protection only at 10 /tM ( Figure 5 ), almost a 100-fold higher concentration than for ODN 1.
The sequence of ODN 5 combined dzaG and dzaX to allow binding in an anti-parallel orientation. In the presence of KCI mere was no detectable protection, even at the highest concentration of ODN 5 ( Figure 4 ). In the absence of KCI, ODN 5 gave full protection at 10 /tM and partial protection at 1 /tM ( Figure 5 ). The substitution of dzaX for T increases the binding of ODNs containing dzaG, but not to the level of binding observed with ODNs containing G. The low affinity binding seen with ODNs 4 and 5 indicates that dzaG has structural or electronic features which are sub-optimal for triple helix formation in the anti-parallel orientation. The observation that dzaG forms triple helix better with dzaX than with T indicates that dzaX enhances triple helix formation through greater third strand affinity. If dzaX were only effective due to a disruption of the G-quartet mediated secondary structure of the ODN, it should not improve the binding properties of the ODN containing dzaG (ODN 5). The enhanced binding of ODN 5 over ODN 4 is evidence that homopurine ODNs have better third strand binding characteristics than those which contain both purines and pyrimidines.
DISCUSSION
A 15 nt ODN containing G and dzaX has been demonstrated to bind to duplex DNA in an anti-parallel orientation with high affinity at physiological pH and salt conditions and at 37°C. The substitution of dzaX for T causes a greater than 100-fold increase in affinity in the presence of 140 mM KCl for this sequence. ODNs containing G and dzaX have not been found to bind in the parallel orientation (data not shown). The lower affinity of the GT ODN in the presence of KCl may be due to altered, competing conformations of the ODN itself since ODNs containing G and T are known to form G-quartets in the presence of KCl (14, 15) . It is still unclear if there are structural aspects of the GT ODN (ODN 1) which inhibit triple helix formation. Surprisingly, attempts to overcome the inhibition of binding in KCl by the substitution of dzaG for G failed. The ODNs containing dzaG with either T or dzaX have a significantly lower affinity than the corresponding ODNs containing G and dzaX in the absence or presence of KCl. This decrease in binding may be due to electronic effects of dzaG which are sub-optimal for triple helix formation in the anti-parallel orientation.
The atomic charge pattern of dzaG is different than G, and it is therefore possible that in third strand formation dzaG simply does not stack well on T, dzaX or itself, compromising triple helix formation. It is known that substitution of dzaG or dzaA can modestly decrease the duplex Tm in some ODNs when substituted for G or A, respectively (27, 28) . However, ODNs which alternate dzaA and T have an enhanced duplex Tm over ODNs containing A and T indicating that, in at least one context, the deaza-purine enhances the stability of the helix (29) . Unfortunately, the contextual subtleties make the stacking effects of deaza-purine substitution difficult to interpret.
The enhancement of binding upon substitution of dzaX for T could reflect a decrease in repulsive forces between the phosphodiester backbone in the third strand and phosphodiester backbone in the duplex. Based on model building, a homo-purine array should place the third strand phosphodiester backbone in the middle of the major groove, relatively distant from the phosphodiester backbones of the duplex. In the GT ODN, the phosphodiesters adjacent to each monocyclic T are positioned closer to the negative charges on the duplex than are the phosphodiesters on the bicyclic Gs, creating a conformation which increases the charge-charge repulsion of the strands, destabilizing the third strand binding. The instability of the GT motif in high KCl may simply reflect a competition between the binding of Mg ++ ions which are necessary for stabilizing the third strand and K
+ ions which appears to be destabilizing for triple helix formation. Maher et al. demonstrated a 19.5-fold decrease in binding for a parallel binding ODN of T and 5-me-C, when the NaCl concentration was increased from 70 mM to 600 mM (16) . The decrease in binding by GT ODNs in the presence of KCl may be a more extreme example of this type of phenomena, caused by the poor binding of Ts in the anti-parallel orientation. Indeed, poly-T ODNs bind only in the parallel orientation (30) and are apparently driven to bind anti-parallel by inserting a high percentage of Gs. Our strategy has been to assay ODNs for triple helix formation under conditions which approximate that of the intracellular environment. Under these conditions a 15 nt ODN of G and T does not form a triple helix in an anti-parallel orientation. This result was unexpected due to reports of high affinity binding of ODNs containing G and T. However, previous studies assayed the ODNs at low ionic strength (10) or in the absence of monovalent cations and at 20 mM MgCl 2 (9, 12, 28) , conditions which may be misleading in assays screening ODNs for the potential to bind to DNA in cells. There are numerous reports of transcriptional inhibition in vitro (12) and in vivo (13) by GT ODNs. While these data may indicate the presence of cellular components which enhance triple helix formation in the presence of K + , it seems likely that alternative mechanisms for gene inhibition, other than transcriptional inhibition by triple helix formation with GT ODNs are being observed. Indeed, a GT ODN designed to bind in the parallel orientation was also reported to inhibit the IL-2 receptor a gene in vivo (31) , despite the observation that GT ODNs bind only in an anti-parallel orientation. Regardless, under physiological conditions the substitution of dzaX for T significantly increases the utility of the anti-parallel motif, and may prove useful for the in vivo inhibition of gene expression by triple helix formation.
EXPERIMENTAL
Column chromatography was performed using silica gel 60 from EM Science, Thin Layer Chromatography was performed on Kieselgel 60 F254 aluminum plates. Solvents used were Baxter B&J Chrompure HPLC grade. Reagents were purchased from Aldrich Chemical. Proton NMR was performed on a General Electric QE-300 machine at 300 MHZ. The following abbreviations are used: TMS-C1; chlorotrimethylsilane, DMTCl; 4,4'-dimethoxytrityl chloride, CPG; controlled pore glass, TLC; thin layer chromatography. A schematic of the synthetic routes for making 7-deaza-2'-deoxyxanthosine and 7-deaza-2'-deoxyguanosine is shown in Figure 2 
5-(4,4'-dimethoxytrityl)-7-deaza-2'-deoxyxanthosine 3'-Hphosphonate, triethylammonium salt (4)
To a solution of 7-deaza-2'-deoxyxanthosine ((3) 380 mg, 1.42 mmol) in 50 mL pyridine was added 4,4'-dimethoxytrityl chloride (950 mg, 2.8 mmol). The reaction was stirred for 0.5 h, then it was partitioned between water and ethyl acetate. The organic layer was washed with water and brine, then evaporated. The residue was chromatographed on a silica gel column using methylene chloride/methanol (9:1, v:v) to afford 520 mg of a crisp foam. This foam was dissolved in 25 mL of pyridine and the resulting solution was chilled to 0°C. The cold solution was treated with a solution of 2-chloro-4H-l,3,2-benzo dioxaphosphorin-4-one in methylene chloride (1.5 mL, 1 M). After 15 min, the solution was quenched with ice-cold triethylammonium bicarbonate buffer (40 mL, pH 7.5), and the mixture was extracted with methylene chloride. The organic extracts were evaporated and the residue was chromatographed on a silica gel column using acetonitrile/water/ triethylamine (88:10:2, v:v:v). The product fraction was evaporated, then coevaporated with acetonitrile and methylene chloride to afford 360 mg (34%) of the phosphonate (4 
7-deaza-2'-deoxyguanosine (5)
To a solution of 7-(2-deoxy-/3-D-erythro-pentofuranosyl)-2-arriino-4-methoxy-pyrrolo[2,3-</]pyrimidine (20) (Q) 0.24g, 0.86 mmol) in acetonitrile (5 mL) was added sodium iodide (0.24 g, 1.6 mmol) and chlorotrimethylsilane (0.30 mL, 2.3 mmol), after 10, min, TLC using acetonitrile/water, (9:1, v:v) showed one major slower running product. The mixture was evaporated without using a heat bath, and the residue was chromatographed on a silica gel column using acetonitrile/water (9:1, v:v), the product containing fraction was evaporated, and the residue was triturated with cold water to afford 0.14 mg (61 %) of the title compound (£). m.p. 240-243° (lit. 262-265°) (18) . -(4,4'-dimethoxytriphenybncthyI)-N   2 -isobutyryl-7-deaza-2'-deoxyguanosine 3-H-phosphonate, triethylammonium salt (7) To a solution of 7-deaza-2'-deoxyguanosine ((5) 1.0 g, 3.8 mmol) in pyridine (20 mL) was added chlorotrimethylsilane (3.5 mL, 28 mmol). The mixture was stirred for 15 min, and iso-butyric anhydride was added (3.1 mL, 19 mmol). After 5 h, water (10 mL) and cone, ammonia (2 mL) were added. After an additional lh, the mixture was evaporated, the residue was triturated with water, washed with water and ether to yield 1.08 g (85%) of N 2 -isobutyryl-7-deaza-2'-deoxyguanosine (6) . 'H-NMR (DMSO- To a solution of the material obtained from above ((6) 1.0 g, 3 mmol) in pyridine (20 mL) was added 4,4'-dimethoxytrityl chloride (2.2g, 7.2 mmol). The mixture was stirred for 4 h, then partitioned between ethyl acetate and water. The organic layer was washed with water, and brine, then evaporated. The residue was chromatographed on a silica gel column using methylene chloride/methanol (19:1, v:v) . The product containing fraction was evaporated and coevaporated with pyridine to yield 1.95 g of a foam. This foam was dissolved in cold (5°) pyridine/methylene chloride (1:1, v:v, 30 mL) and treated with a cold (5°) solution of 2-chloro-4H-l,3,2-benzodioxaphosphorin-4-one in methylene chloride (3.2 mL, 1 M). After 15 min, the solution was quenched with 150 mL of ice-cold methyl ammonium bicarbonate buffer (pH 7.5), and the mixture was extracted with methylene chloride, and the extract washed once with ice-cold triethyl ammonium bicarbonate buffer (pH 7.5). The organic extracts were evaporated and the residue was chromatographed on a silica gel column using acetonitrile/water/triethylamine (89:10:1, v:v:v). The product containing fraction was evaporated, then coevaporated with acetonitrile (5 X10 mL) and methylene chloride (2 x 10 mL) to afford 1.85 g (77%) of the H-phosphonate synthon ( 
